A numerical method is proposed for predicting solubility of drugs in water-PEG 400 mixtures based on the Jouyban-Acree cosolvency model. The accuracy of the proposed method is evaluated by computing mean percentage deviation (MPD) and compared with that of log-linear model of Yalkowsky. The overall MPDs of the Jouyban-Acree model and the most accurate version of Yalkowsky's model are 39.8 (؎46.7) % and 175.8 (؎266.4) %, respectively, and the mean difference is statistically significant (pϽ0.0005). The proposed method produces acceptable residual distribution and the probability of solubility prediction with residual log of solubility Ͻ0.5 unit is 0.86. The applicability of the proposed method could be extended for predicting the solubility of drugs in water-PEG 400 mixtures at various temperatures. The impact of various log P values computed using different software is also studied and the results of ANOVA revealed that there are no significant differences between the accuracy of the predicted solubilities employing various log P values.
Solubilization of low soluble drug/drug candidate using various solubilization procedures is required in early stages of drug discovery studies and addition of a miscible cosolvent is the most common technique to increase solubility. In addition to experimental efforts to collect solubility data in mixed solvents, a number of models have been presented to calculate the solubility including the log-linear of Yalkowsky, 1) the extended Hildebrand solubility approach of Martin, 2) the Jouyban-Acree, 3, 4) the phenomenological, 5) the modified Wilson, 6) general single 7) and Ruckenstein and Shulgin 8) models. Most of the models have been reviewed in a recent paper and a unified version of the models has been proposed. 9) Polyethylene glycol (PEG) 400 is the most common cosolvent in formulation of soft gelatin capsules, as examples, it has been used to formulate ethosuximide, bexarotene, etoposide, nifedipine, nimodipine and digoxin. 10) It has also been used in formulation of oral/injectable solutions as a solubilization agent. 10) 
Computational Methods
The algebraic mixing rule 1) or log-linear model was expressed by: log X m ϭf c log X c ϩf w log X w (1) where X m is the solut'e solubility in water-cosolvent mixtures, f c and f w the volume fractions of cosolvent and water in the absence of the solute, X c and X w the solubilities in neat cosolvent and water, respectively. It is obvious that the X values could be exprerssed in g/l, mol/l, mole fraction etc. By replacing f w with (1Ϫf c ), Eq. 1 could be re-written as:
log X m ϭlog X w ϩ(log X c Ϫlog X w )f c (2) log X m ϭinterceptϩslope f c or log X m ϭlog X w ϩsf c
In which s is the solubilization power of a cosolvent. The s was correlated to the octanol-water partition coefficient (P) of the solute as 11) :
the regression parameters S 0 and S 1 are specific for the solvent and independent of the solutes. Eqs. 3 and 4 could be combined as:
Or:
In which S 0 and S 1 values were computed using a no-intercept least square analysis in this work. The previously reported S 0 and S 1 values were computed by regressing slope of the log-linear model (i.e. s) against log P of the solutes.
The log-linear model presents ideal mixing behaviour of the solutions and could be extended to the models possessing more constants representing the non-ideality of the observed solubility data. As it has been shown in a previous paper, 11) employing more model constants (curve-fitting parameters) provide more accurate correlation and obviously more accurate prediction. The Jouyban-Acree model is one of these models which provided the most accurate correlation among similar cosolvency models. 11) Its basic form for calculating a solute solubility in a water-cosolvent mixture is: (7) where A i the solvent-solvent and solute-solvent interaction terms 3) computed using a no-intercept least square analysis. The model could be written as Eq. 8 to calculate the solubility of drugs in binary solvents at various temperatures 12) : (8) where X m,T , X c,T and X w,T are the solubility of the solute in solvent mixture, cosolvent and water in the absence of the solute at temperature (T, K) and J i is the model constant. By this extension, one is able to predict solubilities in mixed solvents at various temperatures which quite beneficial to pharmaceutical industry.
The mean percentage deviation (MPD) was used to check the accuracy of the prediction method and is calculated using Eq. 9: (9) in which N is the number of solubility data points.
Results and Discussion
Available experimental solubility data of drugs in water-PEG 400 mixtures expressed in mole per liter and g/l are collected from the literature. 13, 14) The data sets containing X c and X w values are included in this study, since the Jouyban-Acree model requires these values as input data. Details Table 1 . The data is fitted to Eq. 8, and the trained model is: (10) The prediction capability of Eq. 10 is compared with those of the log-linear model of Yalkowsky using reported model constants:
by Millard el al. 15) and log X m ϭlog X w ϩ(1.45ϩ0.57 log P)f c (12) by Rytting et al. 16) The maximum MPD value for Eq. 10 is 1091.6% (for diosgenin). The data set of diosgenin in water-PEG 400 was questionable, since the authors reported Ϫ2.618 in Table 1 of the reference 13) for log of aqueous solubility of diosgenin against Ϫ5.075 in Table 2 of the same reference. 13) In addition to the numerical value of aqueous solubility of diosgenin, the solubility behavior of the solute in water-PEG 400 mixture (75 : 25) was also unusual, i.e. the solubility decreased with 25% cosolvent addition and then increased with 16) which are calculated using ACD software. 17) compared the accuracy of the log P values computed by three software, i.e. ClogP ® , ACDlogP and KowWin ® with the corresponding experimental log P values in octanol/water system and found that the ClogP ® provided the most accurate log P values among the other software. In this work, the impact of the various log P values on the prediction capability of the log-linear model was studied using data of drugs in water-PEG 400 mixtures. To keep a similar comparison conditions, all available log P data was used to train Eq. 6 and the back-calculated solubilities were used to compute MPDs. Data sets of diosgenin and ampicillin was excluded from this study. Table  2 showed the constants of the log-linear model and Table 3 listed the numerical values of various log P values and the MPDs for 79 studied solubility data sets. The log P values computed using ACD software reported by Rytting et al. 16) and Machatha and Yalkowsky 17) are used to train separate models. There were a number of discrepancies between reported log Ps, as examples see log Ps of p-aminobenzoic acid, indoprofen, minoxidil and nalidixic acid in Table 3 . These variations are reflected in different MPD values for the drugs. However, the mean difference of MPDs for two sets of log Ps is not statistically significant (paired t-test, pϾ0.80) . In addition, the overall MPD differences of various log Ps were examined using one-way ANOVA and the results revealed that there is no significant differences (pϾ0.68) which means that one could use log Ps computed using various soft-ware and/or experimental log P values to predict solubility by the log-linear model.
Rytting et al. 16) proposed a quantitative structure property relationship (QSPR) to compute drug solubility in each solvent composition of water-PEG 400 mixtures. The general form of the QSPR model was: log X m ϭc 0 ϩc 1 MWϩc 2 V m ϩc 3 RBϩc 4 HBAϩc 5 HBDϩc 6 RDϩc 7 D m (13) Where MW is the molecular weight (g/mol), V m the molecular volume (Å 3 ), RB the number of rotatable bonds, HBA the number of hydrogen-bond acceptors, HBD the number of hydrogen bond donors, RG the radius of gyration (Å), D m the molecular density (ratio of molecular weight to volume) and c 0 -c 7 are the model constants. 16) The authors trained the model using two subsets for each solvent composition and reported the accuracy of the predictions using residuals in log units sorted in 5 subgroups. To compare the accuracy of the proposed model and the log-linear model using ACD and ClogP data, the residuals in log units were computed and the results listed in Table 4 . Relatively similar residual distributions are observed for ACD data (both results taken from a previous paper 16) and computed in this work) and ClogP data by using log-linear model. The order of the favored residual distributions could be presented as Jouyban-AcreeϾlog-lin-earϾQSPR model. The overall relative frequency of residuals for predicted solubilities in water-PEG 400 mixtures is shown in Fig. 1 confirming the same order. The probability of solubility prediction with log residual of Ͻ0.5 for Jouyban-Acree, best version of the log-linear and QSPR models are 0.86, 0.68 and 0.54, respectively. The corresponding probabilities for log residual of Ͻ1.0 are 0.97, 0.80 and 0.78.
To show the applicability of the proposed method for predicting solubility of drugs in water-PEG 400 mixtures at various temperatures, the solubility data of paracetamol taken from a reference 14) were predicted using Eq. 10. Figure 2 shows the predicted and experimental solubilities of paracetamol in water-PEG 400 mixtures at 30°C. As it has been shown, good agreement has been found between predicted and experimental solubilities and the MPD was 12.8%.
In using the proposed prediction method, one should consider that: 1564 Vol. 54, No. 11 
Conclusion
In conclusion, the proposed method provides more accurate predictions in comparison with previously established log-linear model of Yalkowsky and QSPR model of Rytting et al. The proposed method in this work employs one more datum in comparison with log-linear model, however, it does not require any more physico-chemical property like log P. The prediction method is successfully extended to the various temperatures which are obviously required in drug for-mulation and also crystallization studies. 
